The generation of an action potential (Ap) is a complex process in excitable cells that involves the temporal opening and closing of several voltage-dependent ion channels within the cell membrane. The shape of an Ap can carry information concerning the state of the involved ion channels as well as their relationship to cellular processes. Alteration of these ion channels by the administration of toxins, drugs, and biochemicals can change the Ap's shape in a specific way, which can be characteristic for a given compound. Thus, Ap shape analysis could be a valuable tool for toxin classification and the measurement of drug effects based on their mechanism of action. In an effort to begin classifying the effect of toxins on the shape of intracellularly recorded Aps, patch-clamp experiments were performed on NG108-15 hybrid cells in the presence of veratridine, tetraethylammonium, and quinine. To analyze the effect, the authors generated a computer model of the Ap mechanism to determine to what extent each ion channel was affected during compound administration based on the changes in the model parameters. This work is a first step toward establishing a new assay system for toxin detection and identification by Ap shape analysis.
INTRODUCTION
A ction potentials (aps) are fundamental for communication between neurons and transmitting information from neurons to other body tissues, such as muscles and glands. 1 Ion channels in the cell membrane are directly related to the generation of Aps. 1 The status of the ion channels in the membrane determines the shape of the Aps. Evidence indicates that the complex spatiotemporal Ap shape is highly sensitive to its chemical environment. 1, 2 Changes in the extracellular or intracellular environment can cause alteration of Ap generation with a resultant shape change. Much is known about ion channels and the generation of Aps, but less is known about toxin-induced changes to the Ap shape. It is possible that this effect could be used as a rapid means of classifying harmful substances as well as in the advancement of functional screening in support of drug development.
Biosensors are more effective than physicochemical methods for rapid detection of the toxicity of various chemicals. 3 Different methods of monitoring the toxic impact of chemicals on living cells inevitably produce different estimations of toxicity. 4 Whole-cell biosensors have the potential to perform a unique and rapid sensory function as to the effect of chemicals. Cells can respond to a wide range of changes in their environment and are seen as a particularly well-suited tool in ecotoxicity testing. 5, 6 Recently, the application of whole-cell biosensors for toxin detection and drug screening has become more readily accepted. 5, 6 The most challenging problem in toxicology and drug development might be the detection and identification of unknown and unexpected compounds. physicochemical methods are excellent for the detection of drugs with an expected structure and action but can be completely inadequate in predicting the physiological effect or mechanism of the action of an unknown chemical. Therefore, there is an increasing demand for highthroughput functional screening methods in toxicology and drug development. [7] [8] [9] Several optical 10 and electrophysiological 11, 12 methods have been developed to monitor the physiological response of cells to drugs or toxic chemicals. For example, in an earlier study, the development of multielectrode extracellular recordings as a relatively high-throughput method to detect pyrethroid pesticides was reported. 11 Several parameters of the extracellular signal (e.g., amplitude, frequency) were measured and compared to previously measured parameters using patch-clamp techniques, and similar results were reported, which then suggested that these parameters could be used to classify toxins. However, no information was provided concerning the mechanism of the action of the measured chemicals. To develop more informative methods to interrogate the physiological status of excitable cells, tetrodotoxin (TTX) and tefluthrin was tested to determine if the shape of intracellularly recorded Aps could be modeled. 2 Here, the effect of veratridine, tetraethylammonium (TEA), and quinine on the Ap is presented for the NG108-15 hybrid cell line (mouse neuroblastoma × rat glioma cells). The NG108-15 cell line has been widely used in many in vitro experiments as a substitute for primary-cultured neurons. One of the unique features of this cell line, which makes it ideal for whole-cell biosensor applications, is that the cells do not form synaptic connections to other NG108-15 cells. Thus, network activity does not influence single-cell electrophysiological recording. To analyze the effects, we created a computer model of the Ap generation of this cell type to discover to what extent each ion channel was affected during administration of the different toxins. This work is a first step toward establishing a new assay system, based on a complex model of NG108-15 cells, for toxin detection and identification by Ap shape analysis. The development of a toxin detection method, which could give details on the actions of unknown compounds, would be useful for toxin classification and/or identification.
MATERIALS AND METHODS

Surface chemistry
NG108-15 cells were plated on N-1[3-(trimethoxysilyl) propyl] diethylenetriamine (DETA)-coated glass cover slips (22 × 22 mm, Thomas Scientific, Swedesboro, NJ). The DETA-coated cover slips were prepared according to published protocols. 13, 14 In brief, glass cover slips were cleaned using HCl/methanol (1:1) followed by a concentrated H 2 SO 4 soak for 30 min followed by a water rinse. The cover slips were then boiled in deionized water followed by a rinse with acetone and then oven dried. The DETA films were formed by the reaction of the cleaned surfaces with a 0.1% (v/v) mixture of the organosilane in toluene. The DETA cover glasses were heated to just below the boiling point of toluene rinsed with toluene, reheated to just below the boiling temperature again, and then oven dried.
Cell culture
The NG108-15 cells were cultured according to published protocols. 2, 15, 16 Briefly, the cell stock was grown in T-75 flasks in 90% Dulbecco's modified Eagle's medium (DMEM, GIBCO, Carlsbad, CA) supplemented with 10% fetal bovine serum and HAT supplement (GIBCO, 100×) at 37 °C with 10% CO 2 . Differentiation was induced by plating the cells in a serum-free defined medium (DMEM + N2 supplement, GIBCO) in 35-mm culture dishes at a density of 40,000 cells/dish.
Electrophysiology
Electrophysiological recordings were performed using the whole-cell, patch-clamp technique in a recording chamber on the stage of an upright microscope (Axiovert 200, Carl Zeiss, Light Microscopy, Göttingen, Germany). The chamber was continuously perfused with the extracellular solution. The extracellular solution composition for the recording of Aps was as follows (in mM): NaCl 140, KCl 5, MgCl 2 1, CaCl 2 2, D-Glucose 10, and HEpES 10. To investigate the effect of toxins on Aps, we individually added 10 mM TEA, 100 µM veratridine, and 10 mM quinine to the extracellular solution. The pH was adjusted to 7.4, and the osmolarity was 325 mOsm. The intracellular solution composition was as follows (in mM): KCl 140, NaCl 4, CaCl 2 0.5, MgCl 2 1, EGTA 1, HEpES 10, and Na 2 ATp 5. patch pipettes (4-6 MΩ resistance) were prepared from borosilicate glass (BF150-86-10; Sutter, Novato, CA) with a Sutter p97 pipette puller. Voltage-clamp and currentclamp experiments were performed with a Multiclamp 700B (Axon Instrument, Foster City, CA) amplifier. Signals were filtered at 2 kHz and digitized at 20 kHz with an Axon Digidata 1322A interface. Data recording and analysis were performed using pClamp 8 software (Axon Instrument). Sodium and potassium currents were measured in a voltage-clamp protocol of 10 pulses from +10 to +100 mV separated by 10 mV, and the holding voltage was -70 mV. Whole-cell capacitance and series resistance were compensated, and a p/6 protocol was used. The access resistance was less than 15 MΩ. Aps were measured in current-clamp mode using 2 ms depolarizing current injections. Data were saved in text format and imported into MATLAB for further analysis.
Simulation of ionic conductance and action potential generation in NG108-15 cells
The classic Hodgkin-Huxley model 17 was used for the description of the ion channel currents, but instead of the original empirical description of the rate constant, the thermodynamic approach was applied. 2, 18 Briefly, the total ionic membrane current was described as
and dynamic changes in the membrane potential were calculated according to
The dynamics of the state variables were given as dm/dt = (m ∞ -m)/τm, where g − Na , g − k , g − CaL , V Na , V K , and V Cal are constants (maximum conductance of the channels and reversal potentials, respectively); m, n, h, and e are the state variables; m ∞ , n ∞ , h ∞ , and e ∞ are the steady-state values of the state variables; and the τs are their voltage-dependent time constants. The voltage dependence of the steady-state state parameters and the time constants were given using the general thermodynamic formalism (using the state-variable m as an example):
and (3) where z, V 1/2 , A, and ξ are fitting parameters, and V m represents the membrane potential.
As it can be seen from these equations, V 1/2 corresponds to the half activation/inactivation potential of the channel, and A is linearly related to the activation or inactivation time constant. The meanings of z and ξ are not as obvious: z is related to the number of moving charges during the opening or closing of the channel, whereas ξ describes the asymmetric position of the moving charge in the cell membrane.
In every experiment, control Aps were measured before the administration of each drug, as well as sodium and potassium channel-mediated currents were recorded in voltage-clamp mode at different membrane potentials. Ion channel currents were fitted in one step using the above described model, with the corresponding ion channels included, using the built-in routines (fminunc) of MATLAB through a custom-made graphical interface. The resultant parameters were used as initial values for the Ap modeling. Simulated Aps were fitted to the experimental data using built-in functions in MATLAB (fminunc). Fminunc is used to find a minimum of a scalar function (the error function) of several variables, starting at an initial estimate. This method is generally referred to as an unconstrained nonlinear optimization. Because it is used to find only local minimums, it is very important to start the optimization as close to the final result as possible. In this study, the ion channel parameters obtained from voltage-clamp experiments served as the initial values for the parameter estimations.
RESULTS
In this investigation, the NG108-15 hybrid cell lines were studied using the patch-clamp technique. Electrophysiological investigations of sodium and potassium channel currents and Aps were recorded before and after the administration of veratridine, TEA, and quinine in whole-cell, patch-clamp experiments using voltage-clamp and current-clamp protocols. Drug effects were quantified by fitting ion channel parameters to the Ap traces before and after the administration of the toxins.
Before drug administration, the extracellular environment of the cells was perfused with extracellular solution. To obtain reference data relating to the state of the ion channels in the cell membrane, ion channel currents were measured in voltageclamp mode. Then, Aps were evoked by 2-ms depolarization pulses every 5 s in current-clamp mode. After obtaining a stable baseline, the extracellular solution was switched to the drug containing solution. Toxins were dissolved in the extracellular solution and administered directly to the cells using a fast drug administration system. The drug-containing solution was then replaced by the extracellular solution by washout after 15 min. In the control experiments, without drug application, the recorded Ap peak shapes were stable for at least 20 min. After completion of these experiments, data traces were transferred to MATLAB, and ion channel parameters were fitted first to the voltage-clamp ionic current data and then, using the results as initial values, to the Ap traces before and after drug administration. Drug effect was expressed as percentage changes for "best-fit" ion channel parameters caused by the application of the toxins.
Closer observation of the voltage-clamp curves revealed a systematic space-clamp error that was almost unavoidable from the use of NG108-15 cells, which have long processes. This space-clamp error was revealed in the sudden and delayed appearance of the first sodium channel inward current trace (Fig. 1B) . Despite this space-clamp error, the parameter values obtained using the current traces were good initial values to obtain a reasonable fit to the Ap peak shapes (e.g., Fig. 2A, B , dotted lines).
NG108-15 indicates typical morphology and both sodium and potassium currents
The NG108-15 cells were differentiated for 8 to 12 days for the electrophysiological experiments. The culturing of the NG108-15 cells was straightforward, and they were confluent within 3 days in the proliferating phase. They also generated Aps 4 days after plating in the differentiating (serum-free) medium. The phase-contrast micrograph indicates the typical morphology of an NG108-15 cell (Fig. 1A) . The cells were large (20-80 µΜ in diameter), and it was not difficult to perform the patch-clamp experiments. Both sodium and potassium currents were observed in all the cells investigated using voltage-clamp protocols (Fig.  1B) . In current-clamp experiments, 90% of the cells fired single Aps, whereas the remaining cells were able to fire multiple Aps in response to 1-s depolarization pulses.
Electrophysiology of veratridine-treated cells
Administration of veratridine modified the voltage-gated Na + channels and prevented their inactivation. Figure 2A indicates a typical recording of an Ap from the intracellular patch
of an NG108-15 cell (black line). It was found that the administration 100 µM of veratridine did not affect depolarization of the membrane, but it did prevent cell repolarization (Fig. 2B , black line). A smaller peak potential was observed in comparison to the control recording. The best fit of the ion channel parameters was obtained by fitting the parameters in our mathematical model to the Ap traces measured before and after the administration of veratridine ( Fig. 2A, B , dotted lines; Table) .
Significant differences were noted in the half-activation voltage of the sodium channels and, to a smaller extent, in the maximal conductance of the sodium channels. Other changes were not significant.
Electrophysiology of TEA-treated cells
Upon perfusion of the NG108-15 cells with 10 mM TEA, the intracellular recording of the Ap changed strikingly. A dramatic prolongation of the duration of the Aps was observed. Qualitatively, TEA had a similar effect on the Ap peak shape as veratridine. It did not affect the depolarization phase of the Ap, but it significantly extended its duration by slowing the repolarization. There were no observable changes noted on the peak potentials. Figure 3A shows a typical recording of an Ap of an NG108-15 cell (black line). TEA at a concentration of 10 mM in the bath solution changed the shape of the Ap significantly Fig. 3B, black line) . The computer simulation of these recordings (both control and TEA) indicated a good fit to the experimental data (Fig. 3A, B , dotted line). parameter fittings revealed ( Table) that the observed changes in the action potential shape were consistent with a potassium channel-blocking effect of TEA (significant decrease in the g K parameter).
Electrophysiology of quinine-treated cells
The modification of the Aps induced by quinine was qualitatively best described as a general slowing of the depolarization and repolarization phase of the Ap and a drastic reduction in the peak potential. Figure 4A shows a typical recording of an Ap (black line). The broadened shape of the Ap was recorded in the presence of quinine at a concentration of 10 mM in the bath solution (Fig. 4B, black line) . The peak potentials also decreased significantly. The simulated computer model indicated a good fit to the experimental data ( Fig. 4A, B, dotted  line) . The parameters of the fitted curve suggested that the effect was indicative of the blocking of both K + and Na + channels from the administration of quinine (both g K and g Na were drastically reduced; Table) .
DISCUSSION
NG108-15 cells are very good candidates for biosensor applications, with the added benefit that the cells do not form synaptic connections in culture. These cells are straightforward to culture and easy to patch due to their large size. The major problems with this cell line are (1) the cells are not spontaneously active and thus stimulation is required to evoke Aps, although Kowtha et al. 19 reported spontaneous firing of this cell line upon exposure to ammonium chloride; (2) NG108-15 cells have a relatively large diversity compared to other clonal cell lines, and thus standard deviation of control ion channel parameters is larger than desired for this application; and (3) differentiated NG108-15 cells have large processes, causing noticeable space-clamp errors in the voltage-clamp experiments. Due to this noticeable space-clamp error, voltage-clamp recordings were used only for the determination of initial parameters for the parameter fitting to Ap traces.
A mathematical model of the Ap generation in NG108-15 cells was also developed. This enabled the extraction of ion channel parameters from the complex Ap recordings through parameter fitting. The effect of the chemicals was analyzed by the computer simulation of the recorded Aps during administration. An excellent model fit to the experimentally generated Aps was obtained by using only voltage-sensitive K + , Na + , and Ca 2+ channels. In this investigation, 3 widely used compounds were used: a Na + channel modulator (veratridine) and 2 K + channel blockers (TEA and quinine). These compounds were investigated using voltage-clamp and current-clamp experiments and indicated specific changes in the Ap peak shapes. Using this model, the changes in the Ap shape by these toxins and the fitted ion channel parameters were measured (Table) . In general, very good fits were obtained between the control Aps and the drug-modified Aps using this model and an unconstrained nonlinear optimization method. Ongoing experiments to collect additional data will enable the determination of confidence intervals for these parameters and the development of a faster, constrained optimization method.
Veratridine changes the action potential shape by affecting the conductance and the voltage dependence of the Na + channel
Veratridine is a Na + channel agonist, causing a persistent activation of the channel. This molecule does not react with a closed Na + channel, so to undergo a modification by veratridine, the channel must be open. 20, 21 The modified channels remain open at normal resting potential, where unmodified channels continue in a closed state. However, at a membrane potential of -90 mV, veratridine unbinds from the channel, and the previously modified channel closes. 21 The modified channel openings were easily distinguished due to their smaller peak potential and longer Aps in comparison to controls. These modification events are very dramatic and are quickly reversible after washout with the extracellular solution. It has been reported in lipid bilayer investigations at the single channel level that veratridine reduced the conductance and prolonged the open time of the Na + channels. 20, [22] [23] [24] Also noted in this study was that veratridine affected the Na + channel conductance (g) and the voltage dependence of the activation and inactivation of the channel (V 1/2 ) parameter, and the effective gating charge also decreased (Table) .
Qualitatively, veratridine affected Ap shapes similar to results reported earlier with tefluthrin on cardiac myocytes, another sodium channel opener. 11 Thus, similar effects were expected for veratridine to that of tefluthrin on the ion channel parameters in this model system. Despite this expectation, the quantitative analysis of the veratridine effect on the ion channel parameters revealed a completely different action than described with tefluthrin. Instead of removing the inactivation (as seen with tefluthrin), veratridine shifted the voltage sensitivity of the sodium channel activation to more negative membrane potentials (decreased activation of the V 1/2 parameter). However, this action was in agreement with results obtained through a detailed patch-clamp analysis of veratridine. 20, 21 Thus, using a simple Ap recording and a computer model, the same quantitative results were obtained as found with the more time-consuming voltageclamp experiments.
TEA changes the action potential shape by reducing the conductance of the K + channel
Qualitatively, the effect of TEA was similar to veratridine in that it lengthened the Ap but did not affect peak amplitude. The quantitative analysis revealed that the observed changes in the Ap shape were consistent with a potassium channel-blocking effect of TEA (Table) . TEA is a specific inhibitor of K + channels and can block the channel from both the intracellular and extracellular side of the plasma membrane. 25, 26 It has been reported that the voltage-dependent potassium permeability is selectively blocked by TEA, which in turn leads to the prolongation of the Ap. 26 The probable cause for this prolongation is that a TEA block causes a decreased or nil outward current. Nearly a complete loss of potassium conductance was seen in the voltage-clamp recordings (data not shown). The computer simulation indicated an excellent fit to the experimental data. A dramatic reduction of K + conductance (g) was also observed (Table) . However, no effect on the voltage dependence (V 1/2 ) of the channel was found, and the reversal potential of the channel was unchanged (Table) . Thus, this model suggests that the change in Ap shape was for the blockage of K + channels from the administration of TEA.
Quinine changes the action potential shape by reducing the conductance of both the K + and Na + channels
Quinine is considered a K + channel modulator. [27] [28] [29] However, at high concentrations (mM), it also modulates Na + channels. 28, 30 Aps fired by neurons broaden significantly in the presence of quinine. 27, 28 In the experiments reported here, quinine decreased both the depolarization and the repolarization phase of the Ap and drastically reduced the peak potential. According to the quantitative parameter fitting, this effect was consistent with a quinine-induced blockage of both K + and Na + channels (Table) . A sodium channel block definitely could cause a widening of the Ap as described in the case of TTX in earlier experiments. 2 Also, sodium channel blockage could have caused the drastic decrease in the peak potential. potassium channel blockages might have modified these effects. In voltage-clamp experiments, a marked reduction in the size of both Na + and K + currents was observed (data not shown). The computer model indicated a good fit to the recorded Ap data, and the parameters from the simulation model indicated a significant reduction of the conductance (g) for both Na + and K + channels (Table) . Both activation and inactivation amplitude parameters of the Na + channel changed significantly (Table) . However, no effect on the voltage dependence of activation and inactivation of the channels (V 1/2 ) was found.
In conclusion, veratridine, TEA, and quinine changed the shape of NG108-15 cells' Aps in a characteristic fashion. We demonstrated that the effect of toxins, drugs, and biochemicals on ion channels can be determined using a computer model to analyze the effect on the Aps, without measuring the ion channel currents in voltage-clamp experiments. Thus, this method could be useful in toxin detection, identification of biological and chemical warfare agents, and functional screening in drug development. These effects are being cataloged and are contributing to a database that eventually can be used to measure the effect of unknown compounds.
